We characterized at the molecular level the genomic rearrangements in 28 unrelated patients with 9q34.3 subtelomeric deletions. Four distinct categories were delineated: terminal deletions, interstitial deletions, derivative chromosomes and complex rearrangements; each results in haploinsufficiency of the EHMT1 gene and a characteristic phenotype. Interestingly, 25% of our patients had de novo interstitial deletions, 25% were found with derivative chromosomes and complex rearrangements and only 50% were bona fide terminal deletions. In contrast to genomic disorders that are often associated with recurrent rearrangements, breakpoints involving the 9q34.3 subtelomere region are highly variable. Molecular studies identified three regions of breakpoint grouping. Interspersed repetitive elements such as Alu, LINE, long-terminal repeats and simple tandem repeats are frequently observed at the breakpoints. Such repetitive elements may play an important role by providing substrates with a specific DNA secondary structure that stabilizes broken chromosomes or assist in either DNA double-strand break repair or repair of single double-strand DNA ends generated by collapsed forks. Sequence analyses of the breakpoint junctions suggest that subtelomeric deletions can be stabilized by both homologous and nonhomologous recombination mechanisms, through a telomere-capture event, by de novo telomere synthesis, or multistep breakage-fusion-bridge cycles.
INTRODUCTION
Submicroscopic deletion of the distal long arm of chromosome 9, del(9)(q34.3), is a relatively newly described genomic rearrangement disorder that affects fetal development and results in mental retardation and multiple congenital anomalies. Constitutional deletions of the distal long arm of chromosome 9 [del(9)(q34.3), OMIM 610253] encompassing the EHMT1 (euchromatic histone methyltransferase 1) gene, or loss-offunction mutations in EHMT1, result in a clinically recognizable syndrome that is characterized by specific craniofacial features, hypotonia, childhood obesity, microcephaly and substantial speech delay and mental retardation (CHOMS) (1) (2) (3) (4) . The number of patients identified has been increasing significantly with widespread application of high-resolution genome analysis technologies such as array comparative genomic hybridization (array-CGH) (5) . Microdeletions of 9q34.3, like other terminal deletions, have breakpoints occurring in multiple sites but are limited to the 4 Mb subtelomeric region. The virtual lack of detection of larger terminal deletions by conventional cytogenetics at the 9q34 chromosome region in live births is thought to reflect lethality (i.e. haplolethal effects) in early embryogenesis.
Most human subtelomeric regions consist of gene-rich, light-staining GTG-bands that are difficult to visualize cytogenetically by G-banding chromosome analysis. The end of every human chromosome consists of 3 -20 kb of tandemly repeated (TTAGGG) n telomere sequences (6) , which are essential for chromosome stability. Telomeres function as a protective 'cap' at the chromosome terminus to prevent fusion and degradation and to help distinguish intact chromosome ends from damaged chromosomes (7, 8) . Immediately adjacent to the terminal (T 2 AG 3 ) n simple sequence repeats are 100 -300 kb of 'telomere-associated repeats' (TAR).
TAR sequences have homologies shared between multiple chromosome ends (9, 10) . Unique, chromosome-specific DNA is located proximal to the TAR sequence. Molecular studies employing a series of probes for FISH or array-CGH analyses showed that many subtelomere deletions are more complex than anticipated. Understanding the molecular mechanism resulting in 9q34.3 subtelomeric microdeletion will provide insight into the mechanisms of genomic rearrangements and particularly terminal chromosome rearrangements.
RESULTS

Clinical features of patients with 9q34.3 microdeletion syndrome
Patients with deletions of distal 9q34 included 15 females and 13 males, with ages ranging from 10 months to 42 years (Table 1 ). There was considerable clinical variability among the patients, although all patients except P41 showed a characteristic phenotype compatible with the 9q34.3 microdeletion syndrome. These manifestations include a distinctive craniofacial appearance, relative microcephaly, feeding difficulties, hypotonia and significant delay or absence of expressive speech. We have proposed the acronym CHOMS (craniofacial features, hypotonia, obesity, microcephaly and speech delay) to succinctly summarize the predominant clinical features (3) . Interestingly, patient P41 is a 16-year-old girl who was referred for genetic testing due to mental retardation and behavioral problems, and her clinical picture did not fit with CHOMS. She was born to a healthy mother with no family history of mental retardation, congenital anomalies or metabolic disorders, but who is positive for a 9q34.3 deletion detected by subtelomere FISH studies.
Molecular characterization of 9q34 deletions
A total of 29 individuals (28 patients and the mother of P41) were analyzed by array-CGH using a high-resolution custom 9q34 oligonucleotide microarray to determine the genomic size, extent and gene content of the deletions. The deletion size in three patients (P3, P4 and P22) had been determined previously using BAC/PAC and fosmid clones for FISH or array-CGH studies (3, 5) , and breakpoints are further refined in this study. The deletion size, extent and genomic content were determined to 0.5 -6 kb resolution. In patients with terminal deletions, deletion size is approximated as calculated from the breakpoint to the end of the chromosome 9 assembly (UCSC hg18). Four distinct categories of rearrangements were observed: terminal deletions (n ¼ 14), interstitial deletions, complex rearrangements of 9q34 and derivative chromosome 9 (resulting in double-segmental imbalance) (Fig. 1, Table 1 ).
The deletions in 14 subjects were terminal (Fig. 1A ), 6 patients (P21, P26, P28, P34, P42, P44) had interstitial deletions (Fig. 1B) , 2 patients (P6 and P29) had complex deletion/duplication rearrangements with multiple breakpoints within 9q34 (Fig. 1C) , and a derivative chromosome 9 was present in 5 cases (P11, P16, P19, P22, P38) (Fig. 1D) . The deletions differed in size from 0.164 to 3.129 Mb, and in 27 patients (all except P41) the 9q deletion encompassed either the entire or a portion of the EHMT1 gene. In P41, as well as in her healthy mother, the 9q34.3 deletion breakpoint was located in intron 6 of the CACNA1B gene, 83.8 kb downstream of EHMT1 (Fig. 1A) . Therefore, deletion encompassing the CACNA1B gene in this family most likely represents a copy number variant (CNV) not associated with mental retardation or behavioral problems. Thus, on the basis of our analysis, we were able to exclude a diagnosis of 9q34.3 microdeletion syndrome which was previously established in this family.
Twenty-five rearrangements (90%) were de novo, one patient (P16) presented with a derivative chromosome segregating from a balanced parental translocation, one patient inherited the deletion from her mother (P41), and samples from parents of P38 were not available for study. Breakpoints on the partner chromosomes were established by FISH or array-CGH studies for P11, P19 and P38. In patients P16 and P19, breakpoints on the partner chromosomes were located within the satellite of the short arm of chromosome 13 and a repetitive pericentromeric sequence of 15q11.2, respectively; therefore, their junction sequences cannot be determined precisely. In addition, several recurrent intervals of gains or losses were identified within the distal 10 Mb segment of chromosome 9 that may represent CNVs (Supplementary Material, Table S1 ).
Parental origin of the deletion
Parental origins of 9q34.3 rearrangements were examined in 19 families. Interestingly, in 11 patients, de novo 9q deletions occur on a paternal chromosome (65%), whereas in six subjects, deletions were of maternal origin (35%) (Fig. 2B) . Two patients, P16 and P41, inherited a derivative 9 and a small 9q deletion from their mothers, respectively. A complex rearrangement in P6 was found to occur on the maternal chromosome.
Breakpoint junction analyses
High-resolution array-CGH delineated the proximal and distal flanking regions of the deletion and allowed the design of oligonucleotide primers to amplify the junction fragments. Using this strategy, seven deletion junction fragments were isolated including three from cases with interstitial deletions (P26, P37, P44; Fig. 3 ), two with terminal deletions (P3, P40; Fig. 4 ), one case with a derivative chromosome 9 (P38; Fig. 5 ) and one patient with a complex rearrangement (P29; Fig. 6A ). The inability to capture other breakpoints may relate to the complexity of the genomic sequence at the breakpoint, our inability to uniquely identify the genomic location of the breakpoint due to its occurrence within repetitive sequences or the complexity of the mechanism generating the breakpoints, which would be incompatible with our tacit underlying assumptions in the experimental design to amplify the junction sequences.
An array-CGH result and primer design are shown for P44 with an interstitial deletion (Fig. 3) . This patient was found to have a deletion encompassing 658 kb, and two breakpoints were expected within an 500 bp proximal and 805 bp distal breakpoint regions (Fig. 3A) . Forward primers 'A', Human Molecular Genetics, 2009 , Vol. 18, No. 11 1925 'B' and 'C' were designed at 120 and 200 bp intervals from each other and used with the reverse primer 'D', and, therefore, the expected products AD, BD and CD should be of different sizes. We were able to amplify across the deletion, producing three PCR products that were 670, 850 and 970 bp in size, consistent with sizes predicted from primer positions (Fig. 3B ). As expected, these junction fragments were amplified from the patient genomic DNA, but not from the parental or control DNAs. The smallest 670 bp fragment was sequenced, and the 678 bp junction fragment showed 303 bp unique to the proximal region and 375 bp unique to the distal region. There was no homology identified between the breakpoint-flanking regions, but two repetitive sequences, a 72 bp low-complexity repeat and 312 bp AluSq, were present 50 nucleotides (nt) proximal and 52 nt distal from the proximal and distal breakpoints, respectively. The deletion junction fragments in P26 and P37 were obtained and analyzed using the same approach as described earlier (data not shown). Sequence analyses in P26 or P37 showed no large homology segments between the proximal and distal sequences flanking the breakpoints. The junction fragment in P26 had a microhomology of three bases and an insertion of a single T-base (Fig. 3C ). These data suggest that the interstitial deletions were most likely formed by a nonhomologous-end-joining (NHEJ) recombination mechanism. For all 14 patients with apparent terminal deletions of the 9q34.3 region that were identified in this study, array-CGH revealed losses encompassing the most distal unique sequence of 9qter (Fig. 4A ). However, it is possible that some of these deletions might not be 'true' terminal deletions, but interstitial with a distal breakpoint located within the TAR sequences. We attempted to clone deletion breakpoints in cases where the truncated 9q was healed apparently by the addition of a new telomere repeat sequence at the distal site. Two patients P3 and P40 were identified with de novo telomere synthesis at the broken end, and results of our investigation for P40 are shown in Fig. 4 . Two forward primers 'K' and 'L' were designed within the 1500 bp breakpoint region on 9q and used for PCR together with a reverse primer 'TEL' complementary to the telomere repeat (Fig. 4A) . Two junction fragments LTEL and KTEL were amplified and sequenced using the forward primer 'L' (Fig. 4B and C) . Sequence analyses of the junction fragments in P3 and P40 (Fig. 4D ) revealed a 5 bp 'AGGGT' and a 2 bp 'GG' microhomology at the fusion point of unique and telomere sequences. Interestingly, these microhomology sequences are included within the canonical TTAGGGTTAGGG telomere repeat and may reflect the template-driven replication mechanism that the ribonucleotide protein telomerase utilizes to replicate chromosome ends.
Five patients in our series have a derivative chromosome 9 with a deletion due to unbalanced translocation or a telomerecapture event. In these cases, the proximal region was determined precisely in all patients, but distal sequences on the 'donor' chromosome were determined only in P11 and P38. The high-resolution 9q34 microarray analysis on P38 identified loss of a 447 kb segment on distal 9q34.3 and a gain encompassing the most distal region of chromosome 5q (Fig. 5A ). FISH studies with 9q and 5q subtelomere-specific The total size is calculated between breakpoints or between breakpoint and the end of the chromosome 9 assembly (UCSC hg18). probes revealed an additional copy of 5qter located on the deleted chromosome 9q (Fig. 5B ). To amplify the junction region between 9q34.3 and 5q35.3 sequences, we performed PCR using forward primer 'H' from the 9q34.3 deletionflanking region and a reverse primer 'J' corresponding to the 5q duplicated segment. Sequencing of the junction fragments in both directions revealed a breakpoint within a 295 bp AluSg element on chromosome 9q that shares 83% homology between AluSg sequences on 5q. These data suggest that the broken chromosome 9 was stabilized by capture of an existing telomere via interchromosomal recombination between homologous Alu elements by a nonallelic homologous recombination (NAHR) event.
The majority of constitutional chromosomal aberrations are thought to be simple rearrangements. The incidence of complex chromosome rearrangements (CCRs) was considered to be very low; however, the frequency of such events can be significantly underestimated and depends on the resolution of the method used for genome analysis. Using high-resolution array-CGH, we identified two patients P6 and P29 with CCRs involving the 9q34.3 region. In P29, four breakpoints were identified resulting in two interstitial deletions of 61 kb and 940 kb in size (Fig. 6A) . A relatively small 65 kb region encompassing four genes interrupted the deleted segment. A duplication involving this region was previously found among normal individuals and could represent a CNV. To rule out the possibility of a contiguous interstitial deletion on one chromosome 9 and duplication on the homologous 9, we performed a FISH analysis using fosmid clones within the region of interest.
Also, to exclude an inversion involving the 65 kb nondeleted segment, we used a different combination of primers localized within sequences flanking each of the four breakpoints. We were able to amplify a junction fragment using proximal and distal oligonucleotides flanking the 61 kb deletion which was not seen in either parent or the control, consistent with this rearrangement representing a de novo CCR. Sequence analysis of the junction fragment identified a microhomology consistent with a potential NHEJ recombination (Fig. 6B) . However, the absence of an information scar [i.e. addition or loss of nucleotide(s) at the junction] and the observed 3 bp microhomology could also be consistent with a Fork Stalling Template Switching (FoSTeS) model (11) .
CCR including deletion, duplication and interspersed microtriplication of 9q34 was identified in P6 (Fig. 6C) . Conventional cytogenetic analysis showed additional chromosome material at the distal long arm of the chromosome (Fig. 6D) . Further BAC/PAC array-CGH performed elsewhere determined a 1 Mb deletion of 9q34.3 and an inverted duplication of the more proximal 9q34.3 -q34.2 region. Surprisingly, our study revealed a more complex rearrangement with at least six breakpoints. We identified a terminal deletion that was separated with a duplication region by a 9 kb unaltered sequence. In addition, two triplicated segments were scattered more proximally (Fig. 6C) . FISH analyses showed that these triplicated sequences are located at the terminal end of the derivative 9q (data not shown). Both parents had normal chromosome and FISH analyses, indicating de novo complex rearrangements in a child. The interrupted deletion/ inverted duplication structure is consistent with a breakagefusion -bridge (BFB) cycle mechanism, which was first described by McClintock (8) . However, the presence of an interrupted triplication at the end of aberrant 9q suggests either a multistep healing event or a FoSTeS mechanism.
Breakpoint DNA-sequence analyses in patients with 9q34. 3 deletions Forty-three breakpoints within the 9q34 region were identified and characterized at 0.5-6 kb resolution. Interestingly, 30 breakpoints (70%) occurred within the most distal 1.2 Mb region of chromosome 9, whereas there were only 4 -5 breakpoints in each of the more proximal 1 Mb genomic segments. Our analyses revealed that the majority of the 9q34.3 
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breakpoints were unique and scattered along the most distal 3.2 Mb interval. However, three loci of breakpoint grouping were detected. Three patients (P4, P10 and P36; Fig. 1 ; P , 0.003) of repetitive elements such as simple tandem repeats (STRs); short-interspersed nuclear elements (SINEs), including Alu sequences; long-interspersed nuclear elements (LINEs), such as L1M and L2; and longterminal repeats (LTRs), which include retroposons (Table 2) . Twenty-three breakpoints out of 30 (76%) observed within the most telomeric 1.2 Mb region were associated with repetitive elements, whereas the repetitive elements account for 42% of the sequence.
We hypothesized that differences of breakpoints distribution along the 9q34.3 region may correlate with the density of various interspersed repetitive elements. We calculated interspersed repetitive element densities within the unique sequence of the 9q most distal 3 Mb region. Content of repetitive sequences of the most distal 135 kb segment, the 9q TAR region, has been calculated separately. Approximately, 38% of the subtelomere 9q region consists of repetitive elements including LINEs, SINEs and LTRs (Fig. 7A) . Remarkably, the number of the breakpoints observed at a given location seems to correlate specifically with LINE repeat sequence content (Fig. 7A,B) , especially within the interval up to 2 Mb from the 9q TAR. However, such a correlation was not observed within the genomic region 2 -3 Mb from the TAR sequence. It has been noted that 9q34.3 deletions over 3 Mb in size are rare. Thus, breakpoints within this genomic interval spanning 2 -3 Mb from the 9q terminus may occur relatively frequent; however, these may be associated with a more severe phenotype or lethality.
We performed secondary structure prediction analysis of ssDNA from the three loci in which selected breakpoints were apparently grouped using the Mfold Web software. Remarkably, 'locus 1' and 'locus 3' sequences are predicted to fold into stem-loop or loop configurations, which is similar to a telomere (TTAGGG) n -repetitive sequence t-loop structure (Fig. 8A -C) . In contrast, the folding of a 6 kb 'locus 2' sequence ( Fig. 8D) and a 2.6 kb sequence at the breakpoint in P3 (Fig. 8E) and P40 (Fig. 8F ) revealed a complex secondary structure characterized by extensive DNA bending with hairpins and loops, and potentially unstable structures. Our breakpoint analyses showed that in P3 and P40, the broken 9q was stabilized by a telomere-repetitive sequence.
DISCUSSION
Several common syndromes, such as monosomy 1p36 (OMIM 607872), Wolf-Hirschhorn (OMIM 194490), Cri-du Chat (OMIM 123450), monosomy 9p (OMIM 158170), 9q34.3 microdeletions (OMIM 610253), Jacobsen (OMIM 147791), Miller -Dieker (OMIM 247200) and 22q13.3 (OMIM 606232) are associated with terminal subtelomeric deletions of chromosomes 1p, 4p, 5p, 9p, 9q, 11q, 17p and 22q, respectively. With the widespread application of high-resolution genomic analyses, a substantial number of rearrangements involving the subtelomeric regions of all chromosomes have been reported to cause birth defects and mental retardation (12 -14) . Many of these deletions are not mediated by low-copy repeats (LCRs), are of different size and genomic content in each patient, commonly cannot be resolved by conventional cytogenetic techniques and thus might be classified as nonrecurrent rearrangements associated with genomic disorders (15) . Although a characteristic phenotype has been recognized for a few of these rearrangements, little is known about the contribution to the phenotype potentially made by either dosage-sensitive genes or regulatory elements within the deleted region. Furthermore, there is a paucity of information available regarding either molecular recombination mechanisms leading to terminal deletions or genome architectural features potentially causing susceptibility to genomic instability.
Submicroscopic deletion del(9)(q34.3) is a relatively newly described genomic disorder that affects fetal development and results in mental retardation and multiple congenital anomalies. Microdeletions of the 9q34.3 region, like other terminal deletions, have breakpoints occurring in multiple sites of the distal chromosome end. Molecular analysis of patients with monosomy 1p36 (16) or 9p21 -p24 (16, 17) demonstrated that deletions vary widely up to 20 Mb in size with no single common breakpoint. In patients with monosomy 1p36, 40% of all breakpoints were located 3.0-5.0 Mb away from the telomere (16), so .50% of these rearrangements can be detected by chromosome analysis. In contrast to monosomy 1p36, and 9p syndromes, deletions involving the 9q34.3 region do not exceed 3.5-4 Mb in size; therefore, such rearrangements are usually beyond the resolution of conventional cytogenetic techniques.
In our study, 70% of 9q34.3 breakpoints occurred within the most distal 1.2 Mb region (Fig. 1 ). Our studies demonstrate that rearrangements of the 9q34.3 region can be either paternal or maternal in origin. Paternally derived rearrangements were usually de novo simple terminal deletions (65% of patients), whereas interstitial deletions, complex rearrangements and unbalanced translocations were frequently maternal in origin. Moreover, the majority of small 9q34.3 deletions (,1.2 Mb) were paternal, whereas deletions .1.2 Mb in size were predominantly maternal in origin. In contrast, 60% of patients with monosomy 1p36 had small deletions on the maternally derived chromosome, whereas paternal deletions were larger. Interest- ingly, the distal 9q34.3 region has significant differences in recombination rates between maternal and paternal chromosomes (18, 19) . Within the segment located 3 Mb away from the 9q telomere, female-and male-specific recombination rates were calculated as 3.5 and 3.7 cM/Mb, respectively, whereas in the most distal 1 Mb region, recombination events in females were not detected at all, and in males, the recombination rate was found to be 1.8 cM/Mb. For the 1p36 region, the peaks of recombination are observed within segments located 4 -5 and 5 -6 Mb away from the telomere in females and males, respectively (18) . It is possible that location and parental origin of DNA breaks correlates with the recombination map. Thus, nonrecurrent breakpoints observed in patients with subtelomere rearrangements may not be entirely random, but rather more common within specific regions or sequences of the human genome.
The ends of chromosomes are evolutionarily active with a very high rate of meiotic recombination and double-strand breaks (DSBs). Elevated recombination rates within the subtelomeric regions may depend on GC content, density or content of genes, cis-and trans-genetic modifiers, chromatin structure or may be associated with specific genomic sequence features. Specific genomic architectural features such as LCRs and shortinterspersed repetitive elements (e.g. Alu) are known to mediate recurrent rearrangements including deletions, duplications, inversions and translocations via NAHR (20) . Such sequences may stimulate, but do not mediate, rearrangements due to NHEJ and FoSTeS (21) . NHEJ has been implicated in pathogenesis of subtelomeric nonrecurrent rearrangements as well (22, 23) . From our junction analysis, we conclude that interstitial deletions in three patients were consistent with NHEJ repair.
The presence of short repetitive elements has been proposed to play a role in generating or stabilizing the terminal deletions; however, it is unclear whether these repeats participate in a recombination events or are involved in DNA replication and repair. In this study, we have determined 43 breakpoint junctions within the subtelomeric 9q34.3 region. Repetitive sequences such as Alu, LINE, SINE, LTRs and STRs were commonly present at or near the breakpoints (Table 2) . These repetitive elements are susceptible to DSBs due to replication errors or by formation of unusual DNA secondary structures including cruciforms, hairpins, triplexes, tetraplexes and so on. (24) . In addition, secondary structure can inhibit DNA polymerization or accumulate ssDNA in the replication fork, thus increasing the probability of rearrangements.
A DNA replication model termed FoSTeS has been proposed to explain the complex rearrangements associated with Pelizaeus -Merzbacher disease (OMIM 312080) (11) . This long-distance template-switching replication mechanism has been postulated for Escherichia coli gene amplification (25) and for both disease-associated rearrangements and CNVs in the human genome (26, 27) . The microhomology mediated break-induced replication (MMBIR) model represents a more generalized mechanism with specific molecular details and applicable to all life forms. In the FoSTeS/MMBIR model, a DNA replication fork stalls or pauses at DNA lesions, leading to fork collapse and the generation of a single ended double strand DNA, and subsequent restoration of replication by switching to an alternative template using microhomology to prime DNA synthesis on the switched template. Among patients reported in this study, two subjects were found with complex 9q34 rearrangements. Rearrangement in P6 is suggestive of a multistep healing event. Interestingly, a patient with a complex rearrangement including deletion, inverted duplication and triplication of the distal 9q34.3 region has been reported recently (28) . These findings provide additional evidence that diverse mechanisms may be involved in generating subtelomeric chromosomal rearrangements. The deletion segment in P29 was interrupted by a small nondeleted segment. Similarly, multiple deletions were reported previously in three patients with monosomy 1p36 syndrome (16) . Analysis of a junction fragment in P29 revealed a 3 bp microhomology. Rearrangements resulting in complex multiple deletions may be explained by coincidence of independent DSBs events healed by NHEJ mechanism, although the frequency of such aberrations is likely to be extremely low. Alternatively, interrupted deletions and more complex rearrangements can be more parsimoniously explained by the FoSTeS/MMBIR mechanism.
In this study, 50% of patients were detected with simple terminal deletions. In the absence of functional telomeres, eukaryotic chromosomes undergo end-fusion and degradation events, making them generally unstable. At least three mechanisms for healing of terminal deletions have been proposed: de novo telomere addition mediated by telomerase, capture of an existing telomere resulting in derivative chromosomes and stabilization by BFB cycles, consistent with interrupted terminal deletion and more proximal inverted interrupted duplication rearrangement. Each of these mechanisms has been identified by characterization of terminal deletions (28 -32) and also is revealed in the present study.
In the reported cases, the truncated chromosomes have been healed by the direct addition of T 2 AG 3 repeats onto nontelomeric sequences. Despite high-resolution array-CGH analysis for the majority of patients with terminal deletions, attempted amplification of the junction fragments was nonproductive. Molecular studies employing a series of probes for FISH or array-CGH analyses showed that many terminal deletions are more complex than anticipated. In our PCR design, we hypothesized healing by the T 2 AG 3 repeats, but not TAR sequences for telomere swaps; the latter may not be spanned by a long PCR designed to amplify the junction. However, some of the terminal abnormalities may be interstitial rearrangements with a distal breakpoint within TAR repeats or be complex as well.
In contrast to recurrent rearrangements that are often associated with genomic architectural features, breakpoints involving the subtelomeric region are highly variable. Molecular studies identified three regions of breakpoint grouping within the 9q34.3 region. Interestingly, unique breakpoints have been reported for most subjects with nonrecurrent deletions involving the 22q13.3 region, but a recurrent breakpoint within a small region of the SHANK3 gene has been identified in three individuals (33) . The loci of breakpoint grouping may represent hot spots with a specific DNA sequence feature or a secondary structure that stabilizes broken chromosome or assist in DNA DSB repair or loading of the telomerase enzyme.
This study shows that multiple mechanisms associated with subtelomeric DNA alterations and repair can be involved in the pathogenesis of the 9q34.3 microdeletion syndrome. The observed mechanisms can also be implicated in rearrangements of other subtelomeric regions; some of these models may be more prevalent depending on chromosome regionspecific characteristics, such as genomic architecture, repetitive sequence density or other genomic features. More investigations are required to further understand the mechanisms and frequencies with which they are involved in subtelomeric rearrangements.
MATERIALS AND METHODS
Human subjects
This study was approved by the Baylor College of Medicine (BCM) Institutional Review Board and affiliated hospitals. We identified 28 unrelated patients with deletions of distal chromosome 9q34.3 region (Table 1 ). Blood samples were obtained from patients and their parents after informed consent. Twenty-three patients had normal high-resolution G-banded chromosome analysis and were ascertained through either abnormal subtelomere FISH or array-CGH studies at BCM or elsewhere. Five patients had an abnormal karyotype, with structural rearrangements involving the distal long arm of chromosome 9.
Array-CGH studies
A custom high-resolution 9q34 array was designed using a 44K array format (Agilent Technologies, Inc., Santa Clara, CA, probes were positioned within coding and noncoding regions of selected genes to potentially allow the detection of genomic imbalances in other regions associated with a clinical presentation similar to 9q34.3 microdeletion syndrome. Nearly 2000 probes were used for quality control and normalization. Comprehensive probe coverage spans both coding and noncoding regions. Probes were carefully selected, optimized and validated for maximal sensitivity and specificity on several samples with known genomic aberrations. Such array-CGH design enables rapid detection of DNA copy number changes (i.e. genomic gains or losses) within the unique sequence of 9q34 subtelomere with a resolution of 0.5 -3 kb, as well as other subtelomeric regions. This resolution is sufficient to clone breakpoint junctions using conventional or long-range PCR (LR-PCR). Genomic DNAs were isolated from blood samples using the Puregene Kit (Gentra Systems, Minneapolis, MN, USA). Gender-matched genomic DNAs obtained from either a normal male or female individual were used as reference DNA. The procedures for DNA digestion, labeling and hybridization were performed according to the manufacturer's instructions with some modifications. In brief, the patient and reference DNAs were digested with AluI and RsaI (Promega, Madison, WI, USA). Patient DNA was labeled with Cy5-dCTP and reference DNA with Cy3-dCTP by random priming using an array-CGH genomic labeling kit according to the manufacturer's instructions (Bioprime, Invitrogen Corp., Carlsbad, CA, USA). After labeling, DNAs were purified using the Microcon YM-30 column (Millipore, Billerica, MA, USA), incubated with human Cot-1 DNA (Invitrogen Corp.) and resuspended in hybridization buffer. The microarrays were hybridized using Agilent chambers for 40 h at 658C, washed in wash buffer and rinsed with acetonitrile (Sigma-Aldrich Corp., St Louis, MO, USA) and with stabilization and drying solution. Slides were scanned using an Axon microarray scanner (GenePix 4000B from Axon Instruments, Union City, CA, USA). The acquired microarray images were quantified using Agilent feature extraction software 9.5.3, and then imported into Agilent CGH Analytics 3.4.4 software for analysis.
Whole Human Genome Oligonucleotide Microarray Kits (244K) (Agilent Technologies) were used to analyze DNA in two patients (P11 and P19), with additional chromosomal material at the distal long arm of 9q identified by cytogenetic studies.
Cytogenetic and FISH analyses
Metaphase chromosomes and interphase nuclei were obtained for all patients and their parents from PHA-stimulated blood lymphocyte cultures. Conventional G-banding and FISH analyses were performed as described with minor modifications (3) . FISH experiments with BACs or fosmid clones labeled directly with Spectrum Orange-dUTP or Spectrum GreendUTP using a commercially available kit (Abbot Molecular/ Vysis) were employed for the confirmation of array-CGH results and for analysis of structural chromosome rearrangements. At least 10 metaphase and/or 50 interphase cells were scored for each hybridization. The telomere (TTAGGG) n repeats at the chromosome ends were detected by FISH analysis with All Human Telomeres Probe (Qbiogene/MP Biomedicals LLC, Tucson, AZ, USA) as specified by the manufacturer. Parental samples were screened to determine whether the 9q34.3 rearrangement represents a de novo or inherited event. The 9p (305J -T7) and 5q (GS35o8/T7, D5S2907) subtelomere-specific probes (Abbot Molecular/Vysis) were used to confirm unbalanced rearrangements in patient P11 and P38, respectively.
Amplification and sequencing of deletion junctions
For each patient, PCR primers were designed using genomic coordinates provided by interrogating oligonucleotides on our array that revealed the transition from loss/gain to normal DNA copy number. Breakpoint-surrounding DNA sequences were obtained from the UCSC Genome browser (http://genome.ucsc .edu, hg18 assembly). Several 'nested' primers were designed from both the proximal and the distal breakpoint segments, which were used in different combinations and orientations under various conditions until a unique product was amplified. Forward primers from the proximal 9q34.3 region and a reverse primer from the distal 9q34.3 region, or from a 5q35, or other 'donor' chromosome sequence, when the patient had a derivative chromosome, were used to amplify junction fragments in the patient with interstitial deletions or derivative chromosomes, respectively. In patients with terminal deletions, a breakpointspecific primer and telomere primer TEL (5 0 -TCCCGAC-TATCCCTATCCC TATCCCTATCCCTATCCCTA-3 0 ) were used as primer pairs for PCR. Patient-specific junctions were identified by comparison with parental controls.
Genomic DNA sequences were amplified using Qiagen HotStarTaq according to the manufacturer's protocol, with annealing temperatures ranging from 54 to 628C. The reactions were performed in a total volume of 25 ml with 30 ng of template DNA, 1Â buffer with variable concentrations of MgCl 2 and Q-solution, 200 mM of dNTPs, 100 nM of each primer and 0.625 U of HotStarTaq polymerase. LR-PCR reactions were carried out in 25 ml volume containing 2.5 U TaKaRa LA Taq (TaKaRa), 10Â PCR buffer, a mixture of 2.5 mM of each dNTP, 50 ng of the patient's genomic DNA and 200 nM (final concentration) of each primer. An initial 5 min denaturation at 958C was followed by 35 cycles of 1 min at 948C, annealing at 55-608C for 30 s, extension at 728C for 1 min/kb and a final extension at 728C for 7 min. Control samples from two normal male individuals and both parents (if available) were included in the PCR experiments. PCR products were visualized and their specificity was assessed by 1.2% TBE agarose gel electrophoresis. PCR products were excised from agarose gels and purified using a gel extraction kit (Qiagen). DNA sequencing was performed using either the ABI Prism BigDye v3.1 terminator kit or BigDye terminator chemistry (Applied Biosystems, Foster City, CA, USA) and an ABI 377 DNA sequencer or a 3730 DNA sequencer (Applied Biosystems). The chromatograms were analyzed using Sequencher 4.2 (Gene Codes).
Bioinformatics analysis of the deletion breakpoints
Different Web-based sequence-analysis programs were used to investigate the 2 kb genomic segments surrounding each
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Human Molecular Genetics, 2009, Vol. 18, No. 11 breakpoint in all patients (see WEB RESOURCES). BLAST was used for the analysis of sequence homologies, for repetitive elements and low-complexity sequences by the use of RepeatMasker (RepBase database version 7.4). The breakpoint sequences were compared against each other and themselves using the BLAST2 browser with default parameters. CLUSTALW was used to align the reference genomic sequence from both the proximal and distal breakpoint regions and abnormal recombinant junction sequence determined from each deletion or rearrangement event. The 300 bp regions surrounding the breakpoint were analyzed by Mreps and Palindrome software for palindromic sequences, the potential to form cruciforms, and tandem repeats. To predict secondary DNA structures, 40 pb and 3 kb sequences across each breakpoint were analyzed using Mfold version 3.1 (34) and compared with the recombinant junction sequences. Structures with the lowest free-energy values were selected for analysis.
Genotyping and parent-of-origin analysis
To investigate parent-of-origin for the rearrangements, we performed microsatellite and SNP analyses in the patient and in both parents (if available). Seven SNPs were used to study the parental origin of the deletions. To establish parent-of-origin, the deleted polymorphic loci alleles were compared between each patient and his (her) parents.
WEB RESOURCES
The 
